ABSTRACT HER2 (ErbB2/Neu) is a receptor tyrosine kinase belonging to the epidermal growth factor receptor (EGFR)/ErbB family and is overexpressed in 20-30% of human breast cancers. Although several crystal structures of ErbB kinases have been solved, the precise mechanism of HER2 activation remains unknown, and it has been suggested that HER2 is unique in its requirement for phosphorylation of Y877, a key tyrosine residue located in the activation loop. To elucidate mechanistic details of kinase domain regulation, we performed molecular dynamics simulations of a homology-modeled HER2 kinase structure in active and inactive conformations. Principal component analysis of the atomistic fluctuations reveals a tight coupling between the activation loop and catalytic loop that may contribute to alignment of residues required for catalysis in the active kinase. The free energy perturbation method is also employed to predict a role for phosphorylated Y877 in stabilizing the kinase conformations. Finally, simulation results are presented for a HER2/EGFR heterodimer and reveal that the dimeric interface induces a rearrangement of the aC helix toward the active conformation. Elucidation of the molecular regulatory mechanisms in HER2 will help establish structure-function relationships in the wild-type kinase, as well as predict mutations with a propensity for constitutive activation in HER2-mediated cancers.
INTRODUCTION
HER2 (ErbB2/Neu) is a member of the ErbB family of transmembrane receptor tyrosine kinases, which also includes the epidermal growth factor receptor (EGFR/ErbB1), ErbB3 (HER3), and ErbB4 (HER4). ErbB receptors are composed of an extracellular ligand-binding domain, a transmembrane segment, an intracellular protein tyrosine kinase domain, and a C-terminal tail harboring tyrosine phosphorylation sites (1) . Under physiological conditions, ligand binding promotes homo-or heterodimerization of the receptors and activation of their cytoplasmic domains (2, 3) . Dimerization results in auto-or transphosphorylation of tyrosine residues in the C-terminal tail segments, which serve as docking sites for signaling molecules containing SH2 or PTB domains (4) . The major signaling cascades activated by the ErbB family include the Ras-Raf-MEK-MAPK and PI3K-Akt pathways, both of which result in transcription of genes involved in cellular proliferation, differentiation, and migration (5) . Aberrant activation of the ErbB network is frequently associated with cellular transformation and clinical malignancies such as lung, gastric, and breast cancers (6) (7) (8) (9) (10) (11) (12) . Overexpression of HER2 results in constitutive, ligand-independent activation of kinase signaling and is found in 20-30% of human breast cancers, where it is correlated with an aggressive tumor phenotype (13, 14) .
Activation of the ligand-binding domain of the ErbB receptor triggers conformational changes within its cytoplasmic domain. To effect phosphoryl transfer of the g-phosphate of ATP to tyrosine residues on target substrates, several key loops within the kinase domain must be appropriately positioned (15) . Residues 844-850 in HER2 comprise the catalytic loop (C-loop), which is crucial in facilitating the phosphoryl transfer. The aC helix (residues 761-775) and the nucleotide-binding loop, or N-loop (residues 727-732), are responsible for coordination of the ATP and substrate tyrosine. The activation loop (A-loop) comprises residues 863-884 and governs activation of the kinase by regulating accessibility of the target substrate to the C-loop. The A-loop undergoes a significant conformational extension upon activation, uncovering the catalytic machinery and enabling binding of the tyrosine substrate to the C-loop (16) .
In most protein kinases, the activation loop assumes its catalytically competent conformation only if it is first phosphorylated on a regulatory tyrosine residue within the A-loop (17) . The regulatory tyrosine residue is Y877 in HER2 and Y845 in EGFR. Although phosphorylation of EGFR on Y845 has been observed experimentally, phosphorylation does not seem to be required for catalytic activity, as EGFR possessing a Y845F mutation is fully active (18) . In contrast, the role of A-loop phosphorylation in HER2 is controversial, as several studies have highlighted the importance of Y877 phosphorylation for kinase activity (19, 20) . Xu et al. (21) reported that mutation of Y877 to phenylalanine in COS-7 cells results in decreased autophosphorylation of Y1248, a tyrosine located in the C-terminal tail of HER2. Therefore, it is possible that phosphorylation of Y877 augments HER2 kinase activity.
Several crystal structures of the extracellular and cytoplasmic domains of the ErbB family members have elucidated mechanisms of autoinhibition and activation (16, (22) (23) (24) (25) (26) (27) (28) . Recent structural studies demonstrate that EGFR and ErbB4 are activated through an asymmetric dimerization mechanism analogous to that of a cyclin bound to an activated cyclin-dependent kinase (CDK) (29, 30) . In this asymmetric arrangement, the C-lobe of the activator kinase interacts with the N-lobe of the CDK-like kinase, activating the CDK-like kinase through allosteric contacts. The dimeric interface is dominated by hydrophobic interactions between the C-lobe of the activator kinase and the aC helix of the kinase undergoing activation. The dimerization model postulates that all members of the ErbB family can serve as the activating kinase, whereas only the catalytically competent members (EGFR, HER2, and ErbB4) can become activated. A sequence alignment of the ErbB kinase domains reveals that the residues involved in the N-and C-lobe faces of the dimer are essentially invariant among the family members, suggesting that HER2 is likely to be activated by a similar asymmetric dimerization scheme.
In this work we performed molecular dynamics (MD) simulations of inactive and active HER2 structures to elucidate details of the mechanism by which the HER2 kinase domain is regulated and activated. We investigated the dimer-mediated allosteric activation of the HER2 kinase through dynamics simulations of a HER2/EGFR heterodimeric system and delineated the role of phosphorylation of the activation loop tyrosine residue, Y877, using the free energy perturbation (FEP) method.
METHODS

Homology modeling of the HER2 kinase domain
The HER2 kinase domain was modeled in homology to EGFR, with which it shares 83% sequence identity, using the program MODELLER (31, 32) . The coordinates of the inactive EGFR kinase domain were downloaded from the Protein Data Bank (PDB code 2GS7) (30) and a sequence alignment between EGFR and HER2 was performed in MODELLER. Missing residues were built using the loop modeling algorithm in MODELLER, and hydrogen atoms were added by employing the hbuild routine in CHARMM27 (33) . The structure of the active HER2 kinase domain was based on the model generated by Bagossi et al. (34) . The Bagossi model, which was constructed in homology to active EGFR (PDB code 1M14) (16) , was refined by applying the loop-modeling routine to segments of missing residues and performing additional energy minimization steps. The final models for the inactive and active HER2 kinase domains were assessed for stereochemical quality using PROCHECK (35) . Our homology models are indirectly validated in that the crystal structure of ErbB4, a member of the ErbB family with relatively low percentage sequence identity to EGFR (79%), was recently published (29) and found to be structurally homologous to EGFR, with a root mean-square deviation (RMSD) (backbone atoms) of 1.36 Å for the inactive EGFR and ErbB4 structures, and 1.05 Å for the active structures.
MD simulations
Four different models of the HER2 kinase domain were constructed for analysis. Two models of the active conformation of the kinase were generated (one in which Y877 is phosphorylated and one in which Y877 is unphosphorylated) and analogous models were constructed for the inactive conformation. Each structure was explicitly solvated using the TIP3P model for water (36) and with the buffering distance set to 15 Å . Sodium (Na þ ) and chloride (Cl À ) ions were added to achieve net electroneutrality of the system and an ionic strength of 75 mM. All Na þ and Cl À ions were placed at least 8 Å away from any protein atoms and from each other. The ions were positioned at points of electrostatic extrema using a Debye-Huckel potential calculated within the program Solvate 1.0 (37). The Y877 residue was phosphorylated by applying the phosphotyrosine patch in CHARMM27 (33) . The entire system comprised 79,872 atoms for the active structure and 53,751 atoms for the inactive structure, the difference in system size being attributed to the extension of the C-tail in the active system. All simulations were performed with NAMD (38) using CHARMM27 force-field parameters. Periodic boundary conditions were applied and the particle mesh Ewald algorithm (39) was adopted for the calculation of long-range electrostatic interactions. The integration time step was set to 2.0 fs and the RATTLE algorithm (40) was employed to constrain the lengths of all chemical bonds involving hydrogen atoms at their equilibrium values. Nonbonded van der Waals (VDW) interactions were treated by applying a switching function at 10 Å and truncating the VDW potential energy smoothly at a cutoff distance of 12 Å .
To prepare the system for MD simulation, the solvated structure was energy-minimized using a conjugate gradient algorithm (NAMD) to remove unfavorable contacts. The system was then heated to 300 K using the temperature reassignment method in NAMD. Subsequently, constant pressure and temperature (NPT) simulations were performed at 300 K and 1 atm to equilibrate the volume of the solvation box. Temperature and pressure were maintained using a Langevin piston coupling algorithm (41) . After the NPT simulations, constant volume and temperature (NVT) simulations were performed in NAMD. Finally, a 10 ns production run was completed using the same parameters as the NVT simulations. All structural figures were prepared with the program VMD (42) .
Construction of the HER2/EGFR heterodimer
The HER2-EGFR heterodimeric system was modeled on the structure of the EGFR homodimer published by Zhang et al. (30) . The structure of the inactive HER2 kinase domain was aligned with the activated kinase in the EGFR homodimer, and the activating kinase (EGFR) remained in its crystallographically defined position. The structure was minimized to remove unfavorable contacts, and hydrogen atoms were added using the hbuild routine in CHARMM. The heterodimer was explicitly solvated using the TIP3P water potential with the buffering distance set to 15 Å for a total system size of 124,093 atoms. Sodium (Na þ ) and chloride (Cl À ) ions were added to achieve net electroneutrality of the system and an ionic strength of 75 mM. All Na þ and Cl À ions were placed at least 8 Å away from any protein atoms and from each other. Minimization and MD steps were performed as for the monomeric systems, except that the production simulation was run for a total of 20 ns.
Hydrogen-bonding analysis
CHARMM was used to analyze the hydrogen bonds present in the 10 ns trajectory for each system. Hydrogen bonds were defined by a bond length cutoff of 3.4 Å and an angle cutoff of 150 . Bonds that fulfilled these criteria and were present in at least 60% of the trajectory were tabulated in CHARMM. Salt bridges were defined as hydrogen bonds occurring between an acidic and a basic residue and satisfying a bond length cutoff of 1.6 Å . All hydrogen bonds and salt bridges were also visualized in VMD (42) for the duration of the 10 ns simulation.
Principal component analysis
A principal component analysis (PCA) was applied to each of the four monomeric structures to identify the main eigenvectors (3N directions) along which the majority of the complex motion is defined. The calculation is based on the diagonalization of the variance-covariance matrix of the atomic fluctuations along each MD trajectory to yield the set of eigenvectors (PCs) and associated eigenvalues. The eigenvectors represent the independent modes of atomic motion, and the eigenvalues reflect the contribution of the corresponding eigenvectors to the global fluctuation of the protein.
PCA computes the covariance matrix as
where (i,j ¼ 1,.,3N), and N is the total number of atoms with positions given by Cartesian coordinates x. The resulting matrix is diagonalized to compute the 3N independent (uncorrelated) eigenvectors, {x i }, and the eigenvalues, {l i }, sorted in descending order. The angle brackets denote the time average over the entire trajectory. All global translations and rotations about the center of mass are removed before evaluation of s. PCA of the HER2 structures was performed on an active site region that comprises all domains critical for catalysis, including the A-, C-, and N-loops and the aC helix. Specifically, the C a atoms of the C-loop/A-loop region (residues 843-888) and the aC helix/N-loop region (residues 725-778) were chosen as the active site, and the analysis was applied to the NVT-equilibrated trajectory for each monomeric structure. The software program CARMA (43) was used to perform PCA on our system and to project out the atomic fluctuations due to the modes along the MD trajectory.
FEP simulations
The FEP method (44) was employed to compute the Helmholtz free energy difference between the Y877-unphosphorylated and phosphorylated structures. Calculations were performed using the alchemical FEP feature in NAMD (38, 45) . The Helmholtz free energy difference between two thermodynamic states connected by M intermediate, nonphysical substrates in the NVT ensemble is expressed as
where k B is the Boltzmann constant, T is the temperature, and nðx; l i Þ is the potential energy function that depends on the Cartesian coordinates of the system, {x}, and the coupling parameter, l i , that connects the initial and the final states of the transformation. The dual-topology paradigm (46) was utilized, in which the initial and the final state are defined in terms of distinct, noninteracting topologies. Four different simulations were performed, including the transformation of Y877 to pY877 for the solvated unphosphorylated structures (inactive and active) and the transformation of pY877 to Y877 for the solvated phosphorylated systems. Each perturbation was divided into 48 windows with 20 ps of equilibration and 80 ps of data collection per window, producing a total of 4.8 ns of simulation time for each FEP transformation. Harmonic positional restraints were imposed on the sodium and chloride ions, and system electroneutrality was maintained by transforming counterions during the course of the alchemical perturbation. Estimation of error was based on two different sets of coordinates (i.e., the alchemical transformations were performed on configurations obtained after 5 and 10 ns of MD trajectory), and errors are reported in terms of the standard deviation from the mean DF. Another source of error involves the end points of the transformation, which correspond to the creation or elimination of a group of atoms and are subject to VDW clashes that result in end-point catastrophes (47, 48) . To obtain an accurate estimate of the free energy at the diverging end points, we increased the number of windows at the beginning and end of the FEP simulations, collecting data at several points with l values close to zero or one.
RESULTS
To elucidate the molecular mechanisms of kinase activation, four different models of the HER2 kinase domain were constructed based on homology to EGFR (see the Methods section and Fig. S1 (Supporting Material)). Two models of the active conformation of the kinase were generated, one in which Y877 is phosphorylated and one in which Y877 is unphosphorylated, and analogous models were constructed for the inactive conformation. Each solvated system was subjected to MD simulation for 10 ns and the trajectories were analyzed for conformational shifting as well as for key bonding patterns. All four structures were stable for the duration of the simulation, as indicated by the time-course plots of the RMSD of the backbone atoms in the A-loop and aC helix ( Fig. S2 and Fig. S3 ). The aC helix exhibited greater fluctuations in the active systems but ultimately returned to its initial position at the end of the 10 ns production run.
PCA reveals coupling between the catalytic loop and the activation loop regions of the HER2 kinase
A PCA was applied to each of the four monomeric trajectories to characterize the global motions of the HER2 protein (see the Methods section). The objective of this examination was to delineate the differences in atomistic fluctuations among the four structures, as conformational rearrangement of the kinase domain is expected to correlate with dramatic changes in the dynamical behavior of the protein. The PCA calculation is based on the diagonalization of the variancecovariance matrix of the atomic fluctuations along each MD trajectory to yield the set of eigenvectors (PCs) and associated eigenvalues. The eigenvectors represent the independent modes of atomic motion, and the eigenvalues reflect the contribution of the corresponding eigenvectors to the global fluctuation of the protein. PCA of the HER2 structures was performed on an active site region that comprises all domains critical for catalysis, including the A-, C-, and N-loops and the aC helix. Specifically, the C a atoms of the C-loop/A-loop region (residues 843-888) and the aC helix/ N-loop region (residues 725-778) were chosen as the active site and the analysis was applied to the NVT-equilibrated trajectory for each monomeric structure. in each system, indicating that the strongest correlations are well described by the top few eigenvectors.
In the Y877-unphosphorylated active structure, the first principal motion involves a shifting of the aC helix in and out of the active site, coupled with a tilting of the N-loop ( Fig. 1 A) . In concert, the A-loop undergoes a slight bending and the C-loop swings toward the N-loop (an animated image is provided in Movie S1). Motion in the second eigenmode also corresponds to concerted fluctuations of all four domains: the aC helix tilts into the active site while the C-loop and N-loop bend toward each other. In contrast, the first and second eigenmodes for the inactive structure are dominated by A-loop movement and reveal little corresponding motion in the other loops, indicating that the four domains are less coupled in the inactive system (see Fig. 1 B and Movie S2). Analysis of the atomic fluctuations in the Y877-phosphorylated trajectories reveals a similar distinction between the inactive and active structures (compare Fig. 1 , C and D; see also Movie S3 and Movie S4). We reason that the interaction among the A-, C-, and N-loops and the aC helix in the active systems is crucial for alignment of the key domains for catalysis. The correlation between the A-loop and C-loop is especially pronounced, ensuring appropriate positioning of the catalytic aspartate, D845, and the coordinating aspartate, D863, for the phosphoryl transfer reaction.
The normalized variance-covariance matrices for vector displacements of atoms further emphasize and quantify the interaction between the A-loop and C-loop in the active system. Fig. 2 displays correlations between vector displacements of atoms (d-hdi) for all four systems, where vector d represents the displacement from the origin to the atom of interest and hdi is the displacement averaged over all frames in the trajectory. For both Y877-unphosphorylated and Y877-phosphorylated structures, it is apparent that the inactive and active systems differ in their respective correlation patterns. The A-loop and C-loop exhibit high levels of correlated atomic fluctuations in the active structures, as indicated by the red/orange regions present at the intersection of the A-and C-loop residues (Fig. 2, A and C) . In contrast, the A-and C-loop residues interface at cyan/green regions in the cross-correlation plots for the inactive structures, signifying a lack of concerted motion (Fig. 2, B and D) . The expanded figures (Fig. 2, E and F) highlight specific pairs of residues that correspond to the intersection of the A-and C-loops in the cross-correlation plots for the active structures. These residue pairs, which include L866-R844 and Y877-R844, may interact to couple the neighboring residues, D845 and D863, in preparation for catalysis.
Rationalizing the differences in global motions in terms of distinctive stabilizing bonding networks in the active and inactive conformations of the kinase To identify specific interactions that could be contributing to the differences in global motions of the inactive and active systems, and investigate the mechanistic basis for the coupling of the A-and C-loops, individual salt bridges and A D C B FIGURE 1 Global motions of the HER2 structures as determined by the results of PCA. The structures represent displacements along the first eigenmode for (A) the Y877-unphosphorylated active system, (B) the Y877-unphosphorylated inactive system, (C) the Y877-phosphorylated active system, and (D) the Y877-phosphorylated inactive system. The structures are color-coded according to the RMSD (red and white indicate large fluctuations, blue indicates smaller fluctuations) to illustrate the motions in individual residues. The four key domains move in a concerted manner in the active system, whereas the inactive system lacks such correlated fluctuations.
Biophysical Journal 96(6) 2321-2334 hydrogen bonds were tabulated for each of the four systems through a hydrogen-bonding analysis of the 10 ns trajectories (see Methods). The hydrogen bonds illustrated in Fig. 3 are labeled according to the numbered residue pairs listed in Table 1 . Our analysis reveals that six hydrogen bonds occur in the C-loop of the Y877-unphosphorylated active HER2 structure, the majority of which link the C-loop and A-loop ( Fig. 3 B and Table 1 ). Specifically, R844-L866, N850-T862, V842-R868, and L852-K860 connect the C-loop to the N-terminal end of the A-loop, and the L846-W888 bond couples the C-loop and the C-terminal end of the A-loop. In contrast, only two hydrogen bonds bridge the C-loop and the A-loop in the Y877-unphosphorylated inactive HER2 system ( Fig. 3 A and Table 1 ). Analysis of the bonding patterns in the Y877-phosphorylated trajectories reveals a similar distinction between the inactive and active systems (see Table S4 ). The extensive hydrogen bonding that preferentially links the A-and C-loops in the active conformations of the kinase provides a rationale for the cooperative fluctuations between these regions, as revealed by the results of the PCA. Indeed, the specific interactions that are identified in the hydrogen-bonding analysis, including R844-L866 and Y877-R844, also appear as correlated residue pairs in the PCA cross-correlation plots (Fig. 2, E and F) .
In cataloging the interactions, we compared the HER2 bonding network to that of EGFR and ErbB4 (49) Biophysical Journal 96(6) 2321-2334 (Table S1 , Table S2 , and Table S3 ). An analysis of the hydrogen bonds and salt bridges in the C-loop region of inactive and active EGFR and ErbB4 reveals several similarities to the HER2 bonding pattern. The active EGFR and ErbB4 structures each contain three bonds connecting to the Aloop, whereas only one such bond occurs in each inactive system (Table S2 ). Hence the similarity in the pattern of specific interactions that preferentially bridge the A-and C-loops in the active conformations of the EGFR, HER2, and ErbB4 kinases suggests that the tight coupling of the A-and C-loops may be a general feature of the architecture of ErbB receptor kinases that likely aids in the assembly of a catalytically competent active site.
We extended the evaluation of hydrogen bonds to the A-loop and aC helix because these regions undergo the most pronounced structural shifts upon transition from the inactive to the active state of the HER2 kinase. In similarity to the hydrogen-bonding pattern in the C-loop, we observe a considerable difference in the number of interactions in the A-loop and aC helix of the active and inactive systems (see Table 1 and Fig. 3) . Specifically, there are four hydrogen bonds and two salt bridges in the A-loop of the Y877-unphosphorylated inactive structure, compared with nine hydrogen bonds and two salt bridges in the active A-loop. The aC helix reflects a more marked distinction between the two systems: two salt bridges occur in the active structure, whereas salt bridges are entirely lacking in the inactive system. The majority of bonds in the active system connect the key domains of the kinase; for instance, the E766-K883 and D769-R868 bonds link the A-loop and the aC helix (Fig. 3 B) . Furthermore, the R844-L866, N850-T862, V842-R868, L852-K860, and L846-W888 bonds couple the A-loop and C-loop. Hence, the network of specific hydrogen bonds that bridge the key subregions of the kinase (A-loop, C-loop, and aC helix) provides a rationale for the concerted motion of these subdomains in the active state as depicted in Fig. 1 .
Analysis of the stabilizing network of interactions in the active and inactive kinase conformations reveals a novel autoinhibitory mechanism
One of the most crucial interactions for kinase activation is the salt bridge between E770 and K753, which is conserved among ErbB family members (the analogous pair of residues is E738-K721 in EGFR and E743-K726 in ErbB4; see Table  S1 ). This salt bridge is characteristic of the active conformations of kinases, as it facilitates catalysis by interacting with the a-and b-phosphates of ATP (16) . Indeed, the bridge is lacking in inactive HER2 because the residues are sequestered by other amino acids. Specifically, K753 is salt-bridged to D863 in the inactive state, preventing the interaction between K753 and E770. It is noteworthy that an analogous inhibitory bond, namely D836-K726, occurs in inactive ErbB4 (see Table S3 ). We speculate that the autoinhibitory bond, D863-K753, reflects a dual inhibitory mechanism. FIGURE 3 Hydrogen-bonding analysis of the trajectories for the Y877-unphosphorylated systems in (A) the inactive conformation and (B) the active conformation. Labels correspond to the numbered residue pairs listed in Table 1 . Only those bonds that couple the key subdomains of the kinase (A-loop, C-loop, and aC helix) are shown to highlight the preferential bridging of the subdomains in the active conformation. The A-loop is shown in red, C-loop in purple, and aC helix in gray (color online). A-loop K883 HZ1/2, E757 OE1 -*Labels correspond to the numbered hydrogen bonds illustrated in Fig. 3 . y Salt bridges are highlighted in bold.
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Not only does it sequester K753, it also engages D863, the coordinating aspartate that facilitates rearrangement of the substrate tyrosine and ATP. The D863-K753 bond is broken in active HER2, allowing the crucial salt bridge to form and freeing the coordinating aspartate for catalysis. We identify a second autoinhibitory bond that impedes formation of the E770-K753 salt bridge in the inactive state, and note that this mechanism is shared by EGFR. In the inactive EGFR conformation, E738 forms a salt bridge with K836, which corresponds to R868 in HER2. Analogously, R868 sequesters E770 in the inactive HER2 system; however, in the active state, R868 bonds with V842 and D769, allowing E770 to salt-bridge with K753 (see Table  S3 ). Hydrogen bonding of R868 to multiple residues ensures release of E770 and promotion of the active state.
Variation among HER2, EGFR, and ErbB4 in the aC-b4 loop region of the kinase
In a recent study, Fan et al. (50) reported that HER2 is strongly autoinhibited relative to EGFR and ErbB4, and that a mechanism for the autoinhibition involves sequence variation in a loop connecting the aC helix and the b4 sheet. The HER2 kinase domain shares 83% sequence identity with EGFR; in the aC-b4 loop, however, five of the eight residues in HER2 differ from those in EGFR. Specifically, the polar residues in the aC-b4 loop of EGFR are replaced by nonpolar residues in HER2, which form a hydrophobic patch that contacts another segment of hydrophobic residues located in the A-loop. Residues comprising the hydrophobic patch in HER2 include V773, M774, G776, V777, G778, and V782 in the aC-b4 loop, and I861, T862, F864, L866, and L869 in the A-loop. This hydrophobic motif has been investigated by several groups in relation to its association with various molecules, such as the molecular chaperone Hsp90 (51,52). Fan et al. (50) postulated that the hydrophobic interactions between the aC-b4 loop and the A-loop stabilize the HER2 kinase in the inactive state, resulting in lower constitutive catalytic activity relative to EGFR and ErbB4.
In light of these experimental findings, we extended our hydrogen-bonding analysis to the aC-b4 loop for HER2, EGFR, and ErbB4. In tabulating the bonds for each system, we observe that both the inactive and active HER2 structures contain only two hydrogen bonds in the aC-b4 region ( Table 2) . One of the bonds, S783-I861, is shared by both systems and couples the aC-b4 loop to the A-loop. In contrast, EGFR and ErbB4 contain a significantly greater number of hydrogen bonds in the aC-b4 loop. The active EGFR and ErbB4 structures form 10 and eight hydrogen bonds, respectively (Table 2 ). Several bonds in active EGFR, including H749-I829, C751-I829, and H749-V827, link residues in the aC-b4 loop and the A-loop, whereas other bonds, including S744-Y740, V745-V741, and L753-M742, connect the aC-b4 loop and the aC helix. The active HER2 system lacks many of these hydrogen bonds because hydrophobic interactions, rather than hydrophilic contacts, predominate in the aC-b4 region. In particular, the H749-I829 and H749-V827 bonds are absent in HER2 because the kinase contains a relatively nonpolar tyrosine residue in the position analogous to the positively charged H749 in EGFR. Fig. 4 contrasts the network of hydrogen bonds (in stick representation) in the aC-b4 loop of the active EGFR system with the hydrophobic residues (in VDW representation) in HER2. The individual bonds are labeled according to the numbered residue pairs listed in Table 2 .
The bonding analysis of the inactive ErbB systems reveals a trend similar to that observed in the active systems. The inactive EGFR and ErbB4 conformations contain four and six hydrogen bonds, respectively, in contrast to two bonds in the aC-b4 loop of inactive HER2 ( Table 2 ). The lack of hydrogen bonds in the aC-b4 loop of inactive HER2 is consistent with the prominence of hydrophobic interactions in this region as proposed by Fan et al. (50) . Although it shares similar bonding patterns with EGFR in the A-loop and aC helix, HER2 differs markedly from EGFR in the aC-b4 region due to the presence of the hydrophobic patch of residues. The dearth of a hydrogen-bonding network and the dominance of hydrophobic interactions surrounding A748, Q684  ---2  -S744, N676  ----3  -S744, Y740  S749, L745  G776, Y772  S744, Y740  S749, L745  4  -V745, V741  M750, I746  ---5  -----M750, M747  6  G778, Y835  D746, Y803  ----7  --H752, Y808  --H752, Y808  8  -H749, V827  ----9  -H749, I829  H754, I834  -H749, I829  H754, I834  10  S783, I861  C751, I829  V756, I834  S783, I861  C751, I829  V756, I834  11  -R752, Q767  R757, Q772  ---12  -L753, M742  L758, M747  -L753, M742  L758, M747 *Labels correspond to the numbered hydrogen bonds illustrated in Fig. 4 B for EGFR kinase in the active conformation.
the aC-b4 loop in HER2 is thought to contribute to its interaction with the molecular chaperone Hsp90 (52) . As a mature protein, only HER2 among the members of the ErbB family associates with Hsp90, as EGFR and ErbB4 lack the segment of hydrophobic residues in the aC-b4 loop. It has been proposed that binding of Hsp90 to the aC-b4 region in HER2 provides an inhibitory mechanism for regulation of HER2 activity by preventing dimerization and subsequent activation of the HER2 kinase (51) . The hydrophobic association between HER2 and Hsp90 is relevant to the effects of clinical mutations in the HER2 kinase domain. HER2 gene mutations have been identified in a cohort of non-small cell lung cancers that involve inframe duplications/insertions within exon 20, a region that corresponds to the aC-b4 loop in the kinase domain. The most frequently occurring abnormality is the in-frame YVMA insertion at residue G776 (G776 YVMA ), which has been shown to undergo markedly higher tyrosine phosphorylation than wild-type HER2, resulting in increased tumorigenicity (14) . Another prevalent activating mutation is G776S, which has been found in gastric tumors (53) . Such mutations weaken the hydrophobic interactions surrounding the aC-b4 loop and likely promote a hydrogen-bonding network similar to those we have identified in EGFR and ErbB4, which can disrupt the inhibitory stimulus provided by HER2-Hsp90 association.
Heterodimerization with EGFR kinase destabilizes the inactive conformation of HER2 kinase
As postulated by Zhang et al. (30) , HER2 is likely to undergo activation by the asymmetric dimer mechanism proposed for EGFR. In the context of a HER2-EGFR heterodimer, the residues comprising the dimeric interface for HER2 (kinase undergoing activation) include P707, Q711, M712, I714, L768, L790, and V794; for EGFR (activating kinase) they include I917, Y920, M921, V924, M928, I929, and V956. To investigate potential mechanisms of activation, we constructed a HER2-EGFR heterodimer in which EGFR is the activator kinase and Y877-unphosphorylated inactive HER2 is the activated kinase (see Fig. S5 ). The heterodimer was modeled on the structure of the EGFR dimer generated by Zhang et al. (30) (see Methods). A second dimer was constructed in which the Y877-phosphorylated inactive HER2 monomer from the 10 ns equilibrated system was input as the activated kinase. Both heterodimeric systems were solvated and subjected to 20 ns of MD simulation (see Methods). The objective was to determine whether dimerization promotes the active state, and, if so, whether phosphorylation of Y877 facilitates the activation mechanism.
PCA was performed for the 20 ns MD trajectories to characterize the extent of correlation of atomistic fluctuations. As was done for the monomeric systems, the active site region was chosen to include the C a atoms of the A-, C-, and N-loops and the aC helix of HER2, the kinase that is undergoing activation in the context of the heterodimer. In similarity to the inactive monomeric simulations, the principal eigenmodes are dominated by A-loop movement (Fig. 5, A  and B) . However, the phosphorylated heterodimer exhibits notable fluctuations in the aC helix of HER2 (Fig. 5 B) , in similarity to the active monomeric structures. We also observe a repositioning of the aC helix toward the active conformation during the 20 ns MD simulation, shifting from an RMSD of 2-6 Å relative to the inactive state ( Fig. 5 B and Fig. S6 D) . The HER2 structure in the unphosphorylated dimer also exhibits a slight conformational rearrangement of its aC helix toward the active state in response to the dimerization interface (Fig. 5 A) .
As in our analysis of the monomeric systems, we aimed to rationalize the pattern of global motions in the heterodimers in terms of specific interactions. To identify stabilizing bonds that are perturbed upon dimerization, we performed a hydrogen-bonding analysis for the 20 ns MD trajectories. An examination of the bonding network in the heterodimeric systems reveals destabilization and severance of several interactions present in the monomeric systems (Table 3 ). In the dimer featuring Y877-unphosphorylated HER2 as the activated kinase, several bonds responsible for maintaining the inactive state in the monomer are broken, including N764-S760 and Y772-G776 in the aC helix. Indeed, disruption of these bonds is expected as a result of their position within the dimeric interface. Additional bonds that are disturbed include G865-V842 and D873-R897 in the A-loop. In the dimer involving Y877-phosphorylated A C B FIGURE 4 Contrast between the hydrophobic interactions in HER2 and the hydrogen bonds in EGFR/ErbB4 in the aC-b4 loop. (A) The patch of hydrophobic residues in the aC-b4 loop of the active HER2 structure. Residues in the aC-b4 loop are colored green and residues in the A-loop are colored orange (color online). (B) The hydrogen-bonding network in the aC-b4 loop of the active EGFR structure. The bonds are labeled according to the numbering scheme in Table 2 . (C) Sequence alignment between HER2 and EGFR in the aC-b4 region of the kinase. Blue arrows indicate residues contributing to the hydrophobic patch in HER2.
Biophysical Journal 96(6) 2321-2334 HER2 as the activated kinase, several bonds expected to break are indeed severed, including T759-E874, L785-M774, and Y772-G776 in the aC helix. Key interactions in the A-loop, such as G865-H843, R868-R840, and V884-K887, have also been perturbed. Our findings indicate that the dimerization interface directly alters the pattern of stabilizing hydrogen bonds in the inactive system, in agreement with the allosteric activation mechanism proposed by Zhang et al. (30) . The disruption of specific interactions in the aC helix suggests that the pattern of hydrogen bonds in the dimer is shifting away from the inactive state, and that the kinase domain is more susceptible to perturbations that would enable a conformational rearrangement toward the active state. Moreover, the dimeric interface directly induces the repositioning of the aC helix toward the active conformation even on the relatively short timescale of 20 ns.
Several bonds remain unperturbed by the dimerization interface and hence may pose significant free energy barriers to the conformational change accompanying activation. The D863-K753 interaction, which is one of the salt bridges involved in the dual autoinhibitory mechanism in the monomeric simulations, persists throughout the dimeric trajectories. We also note the importance of the K883-E757 bond, which is conserved among all three inactive ErbB kinases, in governing stabilization of the inactive structure, as it must break in order for the K883-E766 salt bridge to assemble in the active state.
FEP analysis of the role of Y877-phosphorylation
Several experimental studies have highlighted the importance of A-loop phosphorylation in HER2 activation. In the Y877-phosphorylated active system, we identify a network of hydrogen bonds that maintain the A-loop in the open conformation: as the A-loop extends, it uncovers the catalytic loop and promotes access of peptides to the active site. The hydrogen bonds fasten the A-loop to a segment of the aF helix (residues 896-901) and to the region between the aE helix and the C-loop (residues 840-844), ensuring that the A-loop remains in the active state (see Fig. S7 ). Three hydrogen bonds (L866-R844, V842-R868, and R840-L870) secure the A-loop at its N-terminal end (Fig. S7 B) . Likewise, three bonds (Y877-F899, A879-R897, and E876-R898) fasten the A-loop at its C-terminal end (Fig. S7 C) . It is noteworthy that several of the bonds, such as L866-R844 and Y877-R844, link residues in the A-loop and C-loop, underscoring the tight coupling of these regions in the active state. However, the key residues required for kinase activity, D863 (the coordinating aspartate) and D845 (the catalytic aspartate), do not participate in the hydrogen-bonding network and hence A B FIGURE 5 Global motions of the HER2-EGFR heterodimeric structures as determined by PCA. The structures represent displacements along the first eigenmode for (A) the Y877-unphosphorylated system and (B) the Y877-phosphorylated system. The structures are color-coded according to the RMSD (red and white indicate large fluctuations, blue indicates smaller fluctuations) to illustrate the motions in individual residues (color online). Insets reveal shifting of the aC helix in the dimer (blue) away from the inactive conformation (green) and toward the active conformation (pink). 
*Refers to bonds containing residues that are proximal to the dimer interface (within 3 Å of at least one of the dimeric interface residues for 75% of the production trajectory) and have broken in the dimer trajectory.
y Refers to bonds containing residues that are proximal to the dimer interface but have not broken in the dimer trajectory.
z Refers to bonds that are not proximal to the dimer interface but have broken in the dimer trajectory.
remain poised for catalysis. Based on these results, we propose an activation model in which residues neighboring D863 and D845 compose hydrogen bonds that stabilize the A-loop in the active state while ensuring the availability of the catalytic aspartate residues for kinase activity. Intriguingly, we observe that phosphorylated Y877 performs a key function in linking the network of hydrogen bonds that maintain the A-loop in its extended form. The phosphoryl group forms bonds with R844, K883, and R868, thereby bridging the C-and N-terminal ends of the A-loop (Fig. 6 A) . Furthermore, the main-chain oxygen of Y877 hydrogen-bonds with F899, contributing to the pattern of fastening interactions in the A-loop. In contrast, fewer hydrogen bonds occur in the A-loop of the Y877-unphosphorylated active system, indicating that the absence of the phosphoryl group results in a decreased number of intra-A-loop interactions (Fig. 6 B and Table S4 ). We define a similar role for phosphorylated Y845 in the active EGFR system. Y845-phosphorylated EGFR shares eight of nine hydrogen bonds present in the A-loop of Y877-phosphorylated active HER2, including bonds between the phosphoryl group and the A-loop (see Table S5 ). Our results for HER2 and EGFR suggest that the role of the phosphoryl group in Y877 (or Y845 in EGFR) is to bridge the stabilizing bonds on either side of the A-loop in the active system. In further support of this bridging mechanism of phosphorylated Y877 in HER2 and Y845 in EGFR, we note an analogous function for the phosphorylated tyrosine residue in insulin receptor tyrosine kinase (IRK), for which there exists a crystal structure of the phosphorylated active form of the protein (54) . The close alignment of the tyrosine-phosphorylated A-loops of EGFR, HER2, and IRK suggests a structural role for the phosphorylated tyrosine as a bridging residue in the respective active kinase conformations (see Fig. S8 ).
Analysis of the MD trajectories for the inactive systems reveals that phosphorylation of Y877 promotes the formation of additional hydrogen bonds and salt bridges in the A-loop (see Table S4 ). The phosphoryl group hydrogenbonds with R844 and K883, spanning the A-loop as it does in the active system. Additional pairs of residues include G865-H843 and R868-R840, which parallel L866-R844 and R868-V842 in the active structure. Although phosphorylation of Y877 in the inactive system alters the hydrogen-bonding pattern so that it more closely resembles the network in the active system, phosphorylation is insufficient for promotion of conformational shifting to the active state within the short timescale of our 10 ns simulations.
To further investigate the effect of Y877-phosphorylation on kinase activity, we employed the FEP method to calculate the Helmholtz free energy difference between the Y877-unphosphorylated and Y877-phosphorylated states in the NVT ensemble. The alchemical transformations were Biophysical Journal 96(6) 2321-2334 performed using the dual-topology paradigm (46) , in which the initial and the final states are defined in terms of distinct, noninteracting topologies, and the interactions of the transformed atoms with their environment are scaled in terms of a linear parameter, l (see Methods for details). Four different simulations were performed, including the transformation of Y877 to pY877 in the unphosphorylated structures (inactive and active), and the transformation of pY877 to Y877 in the respective phosphorylated systems. Replacement of Y877 with phosphorylated Y877 resulted in a free energy change of À385.1 AE 1.2 kcal/mol for the active structure and À384.0 AE 0.8 kcal/mol for the inactive structure, yielding a DDF value of À1.1 AE 1.4 kcal/mol (Fig. 7 A) . The DF values for the reverse transformation, pY877 to Y877, were calculated in a similar manner, and were found to be 405.8 AE 1.1 kcal/mol for the phosphorylated active structure and 404.6 AE 1.1 kcal/mol for the phosphorylated inactive system, resulting in a DDF value of 1.2 AE 1.5 kcal/mol (Fig. 7 B) . The individual DF values for the forward and reverse transformations differ slightly because the structures contain different numbers of water molecules and ions, yet the error estimates are within the ranges that have been computed for other solvated systems (55) (56) (57) . The DDF values are significantly close and indicate that phosphorylation of Y877 provides a small increase in stability of the active conformation relative to the inactive state, although it is insufficient to significantly lower the kinase activation barrier. Additional perturbations are required for full catalytic competency of the kinase, suggesting that phosphorylation of Y877 is unlikely to be the primary stimulus for conformational shifting to the active state.
It is noteworthy that differences in specific interactions between phosphorylated and unphosphorylated systems identified in the FEP trajectories also appear in our hydrogenbonding analysis. In the active structure, replacement of Y877 with pY877 produces several new hydrogen bonds, including R844-Y877, K883-Y877, and R868-Y877, all of which bridge the C-and N-terminal ends of the A-loop. Toward the end of the transformation, the main-chain oxygen of Y877 pairs with F899, which is consistent with the pattern of hydrogen bonds highlighted in the previous section. The perturbation of Y877 into pY877 in the inactive system effects formation of additional hydrogen bonds, such as R844-Y877 and K883-Y877, which link the ends of the A-loop as they do in the active system. Thus, the FEP results are consistent with our hydrogen-bonding analysis, validating the robustness of the identified interactions despite the differences in simulation protocols.
DISCUSSION AND CONCLUSION
Given the involvement of the ErbB receptor tyrosine kinases in a wide range of human diseases, including schizophrenia and various types of cancer (2), it is imperative to understand their mechanism of activation at the molecular level. In this study we investigated the mechanisms that are important in HER2 kinase domain regulation and compared them with two other ErbB family members, EGFR and ErbB4, to determine the molecular basis for HER2's unique mode of activation. Our MD simulations provide us with a framework for studying the atomistic behavior of the HER2 kinase domain in both monomeric and dimeric contexts. We characterized the global motions of the HER2 systems using PCA and rationalized the differences in fluctuations in terms of specific interactions, namely, salt bridges and hydrogen bonds. Specifically, the existence of an extensive bonding network among the four key domains of the kinase in its active state correlates with the concerted motions of the four main loops as revealed by the PCA. The tight coupling of the A-loop and C-loop in the active system is especially pronounced, leading us to postulate the significance of the interaction in alignment of the catalytic residues. We also identify several commonalities in hydrogen-bonding patterns FIGURE 7 Evolution of the Helmholtz free energy as a function of the coupling parameter l. FEP simulations were performed for (A) the transformation of Y877 to pY877 and (B) the transformation of pY877 to Y877 in both the inactive and active systems. Phosphorylation of Y877 stabilizes the inactive and active structures, whereas removal of the phosphoryl group results in an increase in the free energy.
Biophysical Journal 96(6) 2321-2334 among the three ErbB kinases in the A-loop, C-loop, and aC helix. One such conserved pattern involves the sequestration of D863 (the coordinating aspartate), K753, and E770 in the inactive state, preventing formation of the K753-E770 salt bridge and release of D863 for catalysis. We postulate that this mechanism reflects a means of dual autoinhibition, as both the coordinating aspartate and the crucial salt bridge are sequestered in the inactive state. Despite these shared trends in hydrogen bonds in key loops required for activation, the bonding pattern in HER2 differs markedly in the aC-b4 loop. HER2 lacks many of the hydrogen bonds that occur in the aC-b4 loop in EGFR and ErbB4 due to the presence of the patch of hydrophobic residues in the aC-b4 region. The unique hydrogen-bonding network in the aC-b4 loop in HER2 is relevant to the putative hydrophobic interaction between HER2 and the molecular chaperone Hsp90. The association between HER2 and Hsp90 serves a regulatory role in preventing HER2 dimerization and subsequent activation (51) . Unlike the other ErbB family members, the extracellular domain of HER2 is poised for dimerization in the absence of ligand binding (23) , rationalizing the requirement for such tight regulatory mechanisms. The decrease in hydrophobic character and concomitant increase in the degree of hydrogen bonding in the aC-b4 region of several clinically identified HER2 mutants alters the mutant HER2 bonding patterns in similarity to those of EGFR and ErbB4. Such mutations are expected to be activating by disrupting the HER2-Hsp90 association.
The analysis of global motions and hydrogen-bonding patterns was extended to a HER2-EGFR heterodimer. MD simulations of the heterodimeric systems result in destabilization of several bonds present in the inactive monomeric structures, including interactions in the aC helix, as the aC helix comprises much of the dimerization interface for the activated kinase. The disruption of the hydrogen-bonding pattern in both Y877-phosphorylated and Y877-unphosphorylated heterodimers provides a rationale for the observed conformational rearrangement of the aC helix toward the active state. Furthermore, we identify several interactions that persist throughout the dimeric trajectories of the inactive states and are hence candidates for further investigation using free energy methods such as umbrella sampling simulations, as the molecular environment surrounding such residues may define the pathway for conformational change and the associated barriers to activation. Since the residues involved in the N-and C-lobe faces of the dimer are essentially invariant among the ErbB family members, our results can in principle be extended to predict the behavior of other ErbB heterodimers.
We also investigated the effect of phosphorylation of the regulatory tyrosine residue, Y877, on kinase activation. The results of our FEP simulations support the hypothesis that phosphorylation of Y877 is unlikely to provide a dominant stimulus for activation. However, our structural and hydrogen-bonding analyses of the MD trajectories strongly suggest that phosphorylated Y877 contributes to the network of fastening bonds in the A-loop by bridging the stabilizing residues at the C-and N-terminal ends of the loop, thereby considerably altering the conformational environment surrounding the A-loop. Consistent with these findings, although phosphorylation of the analogous A-loop tyrosine residue Y845 is unnecessary for catalytic activity of EGFR, it is known to significantly alter downstream signaling events, including activation of STAT5b and EGF-induced DNA synthesis (58, 59) . Likewise, Ishizawar et al. (60) postulated a role for phosphorylated Y877 in enhancing HER2-ErbB3 heterodimer formation by potentially changing the conformation of the kinase and engaging other molecules. Hence the involvement of phosphorylated Y877 in the network of fastening interactions in the A-loop and the resultant alteration in the conformational environment may influence recruitment of signaling mediators involved in mitogenesis and other downstream processes. We also note that the residues involved in fastening the A-loop, which include R897, R898, and F899 in the aF helix, warrant further investigation because mutation of these residues may destabilize the fastening bonding network, and this effect may further elucidate the role of Y877-phosphorylation in HER2. These predictions can be experimentally tested and validated with the use of HER2 mutation assays.
The protein kinase genes are among the most frequently mutated genes in human cancers, and several HER2 kinase domain mutants have been determined. Our simulations provide insight into the effect of these mutations in the aC-b4 loop region of the HER2 kinase through assessment of structural dynamics and hydrogen-bonding patterns in the kinase domain. Furthermore, we predict the importance of previously overlooked regions, such as the segment of residues directly preceding the aF helix, in regulation of kinase activation. Our results are consistent with a large body of experimental data (29, 30, 50, 52, 54) and provide a framework for highlighting the most crucial bonding interactions in the monomeric and dimeric HER2 systems. Elucidation of the molecular regulatory mechanisms will help establish structure-function relationships in the wild-type HER2 kinase, as well as predict mutations with a propensity for constitutive activation. Such molecular variants in HER2 receptors are known to profoundly impact specific therapies targeting HER2-mediated cancers.
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